Human nail plate contains two distinct types of keratins, skin-type and hair-type keratins. To elucidate the nature of the differentiation pathway of nail, we examined the expression of these keratins in human nail as well as in cultured cells taken from bovine hoof matrix. In this study we succeeded in showing that human nail matrix is characterized by the segregated localization of skin-and hair-type keratins except for the apical matrix in which both types of keratins are co-expressed. These results allow us to infer that some of the nail cells possibly divert the pattern of keratin expression during differentiation in vivo. Cultured cells taken from the R ecent findings have shown that keratin polypeptides, distinctive ty es of intermediate filaments unique to epithelia [1,2y' provide convenient markers for differentiation in each epithelia [3] [4] [5] [6] . For example. KS and K 14 keratins are present in stratified epithelial cells, and therefore have been regarded as markers for keratinocytes [7] . Further. it has been reported that during adult growth in the epidermal, corneal, hair, and esophageal tissues, each tissue expresses distinct p~ir of~eratins, which a~e termed differentiation-speci~c keratins. I.e., skm-. corneal-, hair-, and esophageal-type keratms [3, 8 -1 0]. .Howev~r, Lynch et al s~owed.that human ~ail plate contains epithehal keratms together WIth harr-type keratms [11] , whereas our previous studies have shown that human nail plate contains skin-type keratins (Kl/K10) together with hair-type keratins [12] . Furthermore, recent results have shown that several types of differentiation-specific keratins co-exist in the dorsal tongue epithelium and hair follicle [13, 14] , indicating that distinct types of differenti~ cion develop simultaneously.
provide convenient markers for differentiation in each epithelia [3] [4] [5] [6] . For example. KS and K 14 keratins are present in stratified epithelial cells, and therefore have been regarded as markers for keratinocytes [7] . Further. it has been reported that during adult growth in the epidermal, corneal, hair, and esophageal tissues, each tissue expresses distinct p~ir of~eratins, which a~e termed differentiation-speci~c keratins. I.e., skm-. corneal-, hair-, and esophageal-type keratms [3, 8 -1 0]. .Howev~r, Lynch et al s~owed.that human ~ail plate contains epithehal keratms together WIth harr-type keratms [11] , whereas our previous studies have shown that human nail plate contains skin-type keratins (Kl/K10) together with hair-type keratins [12] . Furthermore, recent results have shown that several types of differentiation-specific keratins co-exist in the dorsal tongue epithelium and hair follicle [13, 14] , indicating that distinct types of differenti~ cion develop simultaneously.
In this study, it was found by double-label immunofluorescence that nail matrix is composed of skin-type as well as hair-type cells and another type of cell that expresses both of the differentiation-specific keratins, thereby suggesting that adult nail matrix develops along multiple pathways of differentiation with certain cells being in an intermediate stage between skin-and hairtype differentiation. Furthermore, that the cultured ventral matrix cells expressed skin-type keratins (Kl/K10) as well as hair-type keratins indicates that these cells develop via both skinand hair-type differentiation in vitro. The ventral matrix of bovine hoof, which undergo th~ pathway of hair-type differentiation in vivo, expressed skin-type keratins together with hair-type keratins, thereby indicating that these cells develop into another pathway of differentiation (skin-type differentiation) from hair-type differentiation developed in vivo. These results provide us with a further insight into nail differentiation under which nail cells develop into multiple patterns of differentiation in vivo and in vitro. Key words: nail/hair/keratin/di./ferentiation. ] [ntlest Dermatol 102:725 -729, 1994 related with the possible cellular diversification seen in cultured cells.
MATERIALS AND METHODS
Antibodies Primary antibodies used in this study were as follows. Monoclonal murine antibody AE13 was generously provided by Dr. T.-T. Sun (New York University). This antibody has been shown to specifically recognize the acidic components of hair keratin [t 1]. Monoclonal murine antibody KS.60 was purchased from Biomakor (Kiryat Weizmann, Israel). This antibody has been shown to recognize K1/K2 and K10 keratins (15] .
Keratin Extraction Stratum corneum. clipped nail. and hair cuttings were obtained from healthy volunteers. Approximately one quarter of the nail plate was removed from the ventral side to avoid contamination of the hyponychium stratum corneum. and the tissues were cut into small pieces and ground into fine fowder in liquid nitrogen. The sample was extracted as previously described 13] using the following buffers. Fifty millimoles Tris-HCI, pH 9.0, containing 9.0 M urea. 2 mM phenylmethylesulfonyl fluoride (PMSF). and 50 mM 2-mercaptoethanol (2-ME) was used for keratin extraction from the stratum corneum. and 200 mM Tris-HCI. pH 9.0, containing 9.0 M urea, 2 mM PMSF, and 200 mM 2-ME was used for keratin extraction from hair and cultured nail cells. In the case of nail. nail keratin was initially extracted in Tris buffer containing 50 mM 2-ME in a similar manner as described for the stratum corneum, and then the remainder of the insoluble pellet was sequentially re-extracted in Tris buffer containing 200 mM 2-ME.
Gel Electrophoresis and Immunoblotting The above-mentioned extracts were analyzed by two-dimensional sodium dodecylsulfatepolyacrylamide gel electrophoresis (SDS-PAGE). as described by O'Farrell et al (16] . Immunoblot analysis using KS.60 or AE 13 monoclonal antibody was performed as described by Towbin et al [t 7J.
Immunofluorescence Staining Tissues were cut into 5-,um frozen sections, which were fixed with acetone at -20°C for 15 min, whereas the cultured cells were fixed with cold methanol (-20°C for 10 min) followed by immersion in phosphate-buffered saline (PBS) containing 0.5% Triton X-l 00 for 10 min. Negative control was performed by replacing the primary antibody with normal mouse serum. Fluorescein isothiocyanate (FITC)coupled goat anti-mouse IgG antibody and Texas Red-coupled rabbit an ti-mouse IgG antibody (from Cappel Co., West Chester, PA) were both used as a secondary antibody in double-labeled immunofluorescence microscopy. 
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Preparation of Nail Cells and Culture Nail matrix was taken from bovine hoof and cleaned of excess nail cornified layers and epidermis. The dorsal and apical nail matrices were removed under a stereoscopic microscope. The remaining ventral matrix tissue was placed dermal side down in a trypsin (0.25%) and ethylene diaminetetraacetic acid (EDTA) (0.02%) solution overnight so that the epidermis of the ventral nail matrix separated from the dermis. The dissociated nail cells were cultured in modified MCDB-153 serum-free medium (Kyokuto Co., Tokyo, Japan) supplemented with nutrient as described in our previous study [lS] . Primary bovine nail cells were plated onto a rype 1 collagencoated dish at approximately 20,000 cells/cm 2 and initially maintained at 0.15 mM calcium for 24 h, and thereafter maintained for an additional 4 d in medium containing 0.03, 0.15, 0.5, and 1.0 mM calcium, respectively.
RESULTS
Two-Dimensional Analyses of Keratins in Nail Cornified Cells To facilitate the characterization of keratins in human nail plate, we performed two-dimensional gel electrophoresis analysis of the keratins extracted from skin, hair, and nail plate. It was shown Hair AEI3 that two groups of keratins are soluble under differing extraction conditions. With 50 mM of 2-ME, the nail extract contained polypeptides with molecular weights ranging from 60 k to 46 k ( Fig   la) , and some of which, i.e., 59-57 k, 57-55 k, 48 k, and 46 k components, were seen in skin keratin extract ( Fig Ie) . However, when re-extracted with an increasing concentration of 200 mM of 2-ME, human nail was shown to contain other types of polypeptides, 61-59 k, 44 k, and 41 k components (Fig 1b) , which were seen in hair keratin extract ( Fig Id) . By immunoblot with two monoclonal antibodies, K8.60 and AE13 [3, 5, 6, 11, 19] , both types of nail keratin (Figs la,b) were characterized with special reference to the type of differentiation. K8.60, showing reactivity against skin-type keratins (K1/K2 and KI0 having molecular weights of 65 k/62 k and 59-57 k in Fig 19) , stained 59-57 k components corresponding to KI0 in nail keratin polypeptides ( Fig Ie) . On the other hand, AE13 antibody against acidic hair keratins reacted with 44 k and 41 k components in both nail ( Fig If) and hair keratin polypeptides (Fig 111) . Human nail plate is noted to contain two distinct types of keratins unique to skin-type and hair-type differentiation, respectively. Immunofluorescence stairungs of human nail matrix corresponding to the dashed area in a are shown in band c: The formed nail plate is outlined by thitl dashes, and the margin of the apical nail matrix is indicated by thick dashes.
Skin-type keratins positive to KB.60 are distributed throughout the dorsal and apical matrices (b), whereas hair-type keratins positive to AE13 are distributed from the ventral matrix to the lower part of the apical matrix ( Fig  2c) . However, both antibodies are unreactive to basal cells in the matrices. An unreactive sapace in Fig 2c (arrowheads) is an artifact resulting from sectioning. Double-labeled immunostaining shows that the overlapping distribution of skin-type keratins (red) and hair-type keratins (greetl) is observed in the apical nail matrix (d). Double-labeled immunostaining was performed initially with AE13 antibody followed by fluorescein isothiocyanatecoupled second antibody and was subsequently performed with KB .60 antibody followed by Texas Red-coupled second antibody.
compartmentalized Expression of Different Types ofKeratins in Nail Matrix Nail tissues are divided mainly into the nail bed and nail matrix. The latter is furthermore compartmentalized into the dorsal (A), apical (B), and ventral nail matrices (C) as shown in Fig 2a. To examine the patterns of keratin expression in nail matrix, we performed indirect immunofluorescence staining using KB.60 and AE13 antibodies. KB.60 stained the proximal nail fold, and the dorsal and apical nail matrices (Fig 2b) .
In contrast, AE13 stained the ventral matrix and some areas of the apical matrix, although weak reactivity was seen in immature nail plate just above the ventral matrix (Fig 2c) . Comparison of the staining patterns of KB.60 with those of AE13 indicates that the reactivity to both antibodies appears to overlap partially in the apical matrix. For further clarification of the nature of the overlapping staini~~ patte~ns, we perfor~ed double-lab.e~ed immunofluorescence stamIng (Fig 2d) , by wluch KB.60-posmve cells were stained as green (FITC) and AE13-positive cells were stained as red (Rodamine). It is remarkable that an appearance of yellow colored cells positive to both groups of antibodies was the result of the co-expression of both skin-type and hair-type keratins. Such overlapping staining patterns are not confined to the human nail matrix, but have also been observed in bovine hoof as reported previously [20] . As shown in Fig 3, in the case of bovine hoof, the region stained with both KB.60 and AE13 spread more widely to locate in the dorsal matrix than in the case of human matrix. However, the nail cells positive to both antibodies were found to be localized only in small segment specifically in the region located between the KB.60-positive and AE13-positive cells.
Multiple Pathways of Differentiation Developed in Nail
Forming Cells In Vitro To further investigate this unique type of differentiation pattern of the nail matrix, we utilized bovine cultured cells and attempted to examine keratin expression patterns. The cultured cells were taken from the bovine ventral matrix expressing hair-type keratins only in vivo (Fig 3) . These cells were maintained for 4 d with serum-free medium containing various concentrations of calcium (Fig 4) . In 0.03 mM calcium, the cultured cells did not appear to grow (Fig 4a) ; however, in 0.15 mM calcium these cells showed either a spindle or polygonal shape morphology with an increase in cell growth (Fig 4b) . With further increase in the calcium concentration, cells spread into the monolayer with focal areas of stratification (Fig 4c,d) . In 0.5 mM calcium, strong reactivity to AE13 was shown in the focal area in which cells develop into stratifications (arrowheads in Figs Sa,b) . This result indicates that cultured cells undergo the pathway of hair-type differentiation accompanied by synthesis of hair-type keratins in a similar manner to that in the ventral matrix of bovine nail ill vivo. However; surprisingly, KB.60-positive keratins, which were not CELLU LAR PROPERTIES OF NAIL 727 a Proximal nail fold ------..... expressed in the ventral matrix, were shown to be synthesized in some of the cultured cells (arrolvheads in Fig Sc,d) .
The expressions of both types of keratins in vitro were further confirmed by immunoblot analyses. Among keratins extracted from cultured cells maintained for 4 d in each of the concentrations of calcium, acidic components of hair-type keratins were detected by AE 13 as a broad band with molecular weights ranging from 46 k to 44 k (Fig 6a) , whereas K1 and K10 were detected by KB.60 (Fig 6b) . Although cells failed to express both keratins in 0.03 mM of calcium, at a calcium concentration above 0.15 mM, Kl/KI0 as well as hair-type keratins were expressed, the amounts of which increased with a rise in concentration of extracellular calcium up to 1.8 mM.
DISCUSSION
Lynch et al have reported that human nail contains small amounts of K5/K14 as well as K6/K16 keratins and large amounts of hair-type keratins [11] . Confirmation of the existence of acidic K 10 keratin in nail (59 -57 k in Fig la) in this study extends Lynch's results [11] and has enabled us to speculate that skin-type differentiation also contributes to some extent to the formation of nail tissue. Biologic analysis in this study, revealing the expression of both skin-and hair-type keratins in nail plate, shows that nail matrix cells consist not of a homogeneous population but of a heterogeneous population of keratinocytes. Furthermore, immunofluorescence showing the complex localization patterns of both types of keratins in nail matrix (Fig 2) suggests that multiple courses of differentiation are generated in nail development.
A combination of several types of differentiation-specific keratins such as seen in adult nail tissue has already been described for dorsal tongue epithelium [13] , hair follicle [14] . embryonic hair as well as nail [21] . and eccrine sweat glands [22] . With special regard to the fetal development of nail, Moll et al have reported that the nail precursor cells are at first derived from fetal epithelia that expresses skin-type keratins only, and that the skin-type keratins are later gradually replaced by hair-type keratins with limited co-expression of both keratins in some areas [21] . With consideration to our findings reported herein and with those mentioned above in regard to fetal development, the co-expression of skin-type and hair-type keratins (Fig 3) may be an indication of certain nail-forming cells being in an intermediate or transient stage between skin-type and hair-type differentiation. To study the diversification in the differentiation of nail, we proceeded to examine the expression patterns of differentiation-specific keratins in cultured cells taken from bovine hoof matrix.
Bovine hoof develops in a similar manner to that of human nail, and shows three distinct types of cellular populations (Fig 4) in which hair-type cells are confined to the ventral matrix. To our knowledge, it is the first time that it has been reported that hair-type cells are able to differentiate in vitro to express hair keratins. Fur-a 46-44- thermore, it is remarkable that relatively small amounts ofKl/KlO keratins, which are markers for skin-type differentiation, were also synthesized in the cultured nail cells together with hair-type keratins, thereby suggesting that skin-type and hair-type differentiation developed in vitro. It is possible that the detection of skin-type keratins may be due to the contamination of the apical matrix, in w hich both skin-and hair-type keratins are expressed together. However, we "Wish to emphasize that in this study we restricted the removal of cells to a region in the ventral matrix that was of a sufficient distance from the apical matrix, thereby eliminating the possibility that the detection of skin-type keratins may be due to the contamination of ke ratins in the apical nail cells. Therefore, the expressions of hairand skin-type keratins indicate that the pathway of in vitro development is not necessarily confined to hair-type differentiation, rather that some cultured cells are able to change the pathways of differentiation to express skin-type keratins. Results from the cultured cells, which showed that several pathways of differentiation, including skin-and hair-type differentiation, indicate that cellular diversification in vitro is related to multiple patterns of differentiation generated in nail matrix. However, it is presently unknown w hat may be responsible for diversifying the pathways of differentiation of nail cells, though it would be quite interesting to study the molecular mechanism that regulates the keratin expression in nail cells.
In summary, this study has shown that nail cells are able to divert the .pathways of differentiation in vitro and that this is probably a consequence of the multiple patterns of differentiation that have developed in the nail matrix hI vivo. Furthermore, our finding that cultured nail cells are able to express hard keratins has interesting implications for the study of differentiation in hair. The culturing of hair follicle cells has been reported previously [23] [24] [25] , though the expression of hair-type keratins was not confirmed. It was shown in this study, however, that nail cells in a defined serum-free medium express hair-type keratins . Accordingly, nail cells will provide an excellent model by which to investigate hair biology including hair growth.
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